Abstract: Green-tree retention (GTR) on clearcuts is an attempt to mimic natural disturbances and provide habitat for species that are generally absent in clear-cut stands, but its efficacy for sustaining biodiversity is poorly known. We studied (i) the total cover and vitality of lichens and bryophytes on four common tree species in three locations (centre and edge of GTR cuts and adjacent forest) and (ii) the composition of and damage to various epiphytic species on European aspen (Populus tremula L.) and birches (Betula spp.) in Estonia during 2 postharvesting years. Bryophytes on all tree species throughout the GTR cuts were severely unhealthy (60% of shoots desiccated, on average); lichens were much more robust (2% of thalli bleached or broken), particularly at the edges of harvested areas and on aspen and European ash (Fraxinus excelsior L.; hereinafter referred to as ash). Most lichen damage appeared to be unrelated to logging (the damaged species were also affected in forests). Aspen hosted many more species, including those of conservation concern, than birch. If tree species, size, and bark texture are carefully considered, GTR could be a successful tool for conserving lichens, particularly many microlichens on aspen and ash. However, bryophytes on solitary trees were generally unhealthy, at least in the short term.
Introduction
Green-tree retention (GTR) -leaving large live trees during clear-cutting instead of felling them all -has gained popularity in the management of boreal and temperate forests over the past decade (Angelstam and Pettersson 1997; Lindenmayer and Franklin 2002; Mielikäinen and Hynynen 2002) . Promoting late-successional characteristics in harvested stands attempts to mimic influences of natural standreplacing disturbances (storms, wildfires). Hence, GTR is a part of the strategy to achieve ecologically sustainable management by modifying forestry operations to accord better with natural-disturbance regimes (Lindenmayer and Franklin 2002) .
An obvious aim of retaining trees is to provide habitat for wildlife. For example, although clear-cutting dramatically reduces the density and species richness of birds, the loss is smaller in sites where many trees have been left standing (e.g., Beese and Bryant 1999; Tittler et al. 2001) , particularly for bole-and canopy-feeders (Johnson and Landers 1981) . Retention trees also help to sustain communities of small mammals (Sullivan and Sullivan 2001) and macro-arthropods (Siira-Pietikäinen et al. 2003) . When the trees die, they may host numerous saproxylic insects adapted to benefit from large-scale disturbances (Kaila et al. 1997; Siitonen et al. 2000) .
In several Fennoscandian and North American studies it has been concluded that retention trees populated by epiphytic lichens and bryophytes may become centres of their recolonization in the next forest generation (Peck and McCune 1997; Hazell and Gustafsson 1999; Sillett and Goslin 1999; Keon and Muir 2002) . This is especially important for those old-growth species whose populations are more limited by dispersal than by habitat availability or the ability to grow in young stands (Sillett et al. 2000; Hilmo and Såstad 2001; Rosso et al. 2001; Keon and Muir 2002) . However, the dry, sunny, and windy conditions in clearcuts (Chen et al. 1999 ) may limit this "lifeboating" function, since lichens and bryophytes cannot regulate water loss (Green and Lange 1995) and incur a high risk of drying out. The risk is likely to depend on both epiphyte and tree species, given the strong phorophyte effects on epiphyte communities (e.g., Barkman 1958) . For example, canopy-dwellers (such as alectorioid and usneioid lichens) may be well adapted to the open and sunny conditions found in clearcuts. In Sweden, transplants of two management-sensitive species -a bryophyte, Antitrichia curtipendula (Hedw.) Brid., and a lichen, Lobaria pulmonaria (L.) Hoffm., -survived on retained European aspen (Populus tremula L.) after 2 years (Hazell and Gustafsson 1999) . In contrast, transplants of old-growth lichens Lobaria oregana (Tuck.) Müll. Arg. and Pseudocyphellaria rainierensis Imshaug on Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) had a low growth rate and a high mortality rate in the GTR cuts in Oregon, USA (Sillett and McCune 1998) . Clearly, additional comparative and quantitative studies are needed to assess the value of retention trees for epiphytes.
The aims of this study are (i) to compare the estimated short-term vitality of lichens and bryophytes on trees of different species in the middle and at the edge of GTR cuts and in adjacent forests, (ii) to assess the diversity of epiphytic species on retention trees, and (iii) to distinguish the epiphytic species that survive well on solitary retention trees. We explore bryophytes and lichens on four species of retention trees and adjacent forest trees in a hemiboreal area in Europe, and discuss the efficiency and limitations of retaining trees for cryptogam conservation.
Materials and methods

Study area
The study was carried out in four randomly selected state forest districts in central, eastern, and southern Estonia located at 58°-59°N and 25°-27°E (Fig. 1) . Estonia is situated in the hemiboreal vegetation zone (Ahti et al. 1968) ; forests cover ca. 50% of the country and the terrain is flat. The mean air temperature is ca. 17°C in July and -6.5°C in January; the average precipitation is 600-700 mm per year. All studied districts comprise large but extensively managed forest areas below 75 m a.s.l. The dominating site types (sensu Paal 1997) are dry boreal (mainly Vaccinium myrtillus type) and mesoeutrophic (Oxalis and Hepatica types) in the central Estonian districts and eutrophic boreonemoral and paludifying forests (mainly Aegopodium and Filipendula types) in the eastern districts.
Since 1999, the Estonian Forest Act has required the retention of at least 5 m 3 of live and dead trees per clear-cut hectare. In state forests (38% of all forests), which are granted a certificate of sustainable forestry by the Forest Stewardship Council, this requirement has generally been fulfilled, though many of the live retention trees are young or vulnerable to windthrow. In the four districts we studied, 31% of live trees on GTR cuts (including seed trees) were birches (Betula spp.), 20% were Scots pine (Pinus sylvestris L.), 18% were European ash (Fraxinus excelsior L.), 14% were European aspen (hereinafter referred to as aspen), 7% were littleleaf linden (Tilia cordata P. Mill.), and 6% were other species (Rosenvald and Lõhmus 2005) . Most retained trees are solitary.
The study included all 103 stands that had been harvested during [2001] [2002] in the four forest districts. In spring 2002, all live trees and snags with a diameter at breast height (DBH) >13 cm were mapped, their species, DBH, age, and condition were recorded, and the type, size, and age of the cuts were determined. The mean area of the cuts was 2.3 ha (range 0.2-6.6 ha) and there were, on average, 20 (2-57) live trees·ha -1 . The age range of retention trees was mostly between 50 and 80 (maximum 110) years for deciduous trees and between 90 and 110 (maximum 180) years for pines. Most of the harvested stands had been of eutrophic boreonemoral (n = 47), dry boreal (n = 22), or mesoeutrophic type (n = 10).
Study design and sampling
Sampling included two steps: (1) random sampling of the four most common retention-tree species to record changes in the total cover and vitality of lichens and bryophytes between two years; and (2) random sampling of two deciduous tree species (aspen and birch) with contrasting patterns of cryptogam vitality to explore the species composition in detail.
There were 32 harvested stands where ashes had been retained; 30 GTR cuts were preselected also for the more numerous tree species. Depending on which tree species cooccurred, by chance, in the same GTR cuts (we then sampled all species on the same cuts), the true sample sizes differed slightly between the species. Thus, 33 GTR cuts were sampled for Scots pine, 31 were sampled for birches and aspen, and 29 remained for ash (3 had no trees either in the middle or at the edge of the cut). In each GTR cut, three live trees of the same species and similar in size (DBH) were selected at random, one each from (i) the middle of the cut (>25 m from the forest edge), (ii) the periphery of the cut (5.5 ± 2.8 m (mean ± SD) from the forest edge), and (iii) the adjacent forest of the same type (>25 m from the cut edge). The use of distances >25 m is likely to eliminate the steepest microclimatic gradients of the forest edge (e.g., Gignac and Dale 2005) ; longer distances would have often produced marked differences in stand conditions or tree characteristics. Four of the trees fell during the study and the total sample included 368 trees in or around 85 GTR cuts. The average DBH of the sample trees was 33 cm (range 14-90 cm).
In step 2 we studied the composition of cryptogam species only on aspen and birch because they appeared to differ in several important patterns (cover of bryophytes, vitality of lichens; see Results). For both tree species, we explored 31 retention trees (mostly in the middle of the GTR cuts) and 31 adjacent forest trees (the same trees as in step 1). The two tree species co-occurred in 13 GTR cuts.
Field and laboratory work
For step 1 the cover (%) and vitality of lichens and bryophytes were estimated visually by the second author in four 20 cm × 20 cm plots on each tree, centred on heights of 0.2 and 1.3 m on the northern and southern sides of the trunk. The plots were surveyed twice (early summer in 2003 and 2004) ; their exact location on trees was marked for reanalysis. To quantify vitality, the proportion of the total cover that was desiccated was estimated according to the colour (bleaching) and structure (e.g., broken or dead parts) of shoots or thalli (in microlichens, including apothecia).
For step 2, in summer 2004 (second or third postharvest year), cryptogam species were recorded by the first author on the trunks of aspens and birches. Because the individual species (particularly those of conservation concern) cover only minor and often imprecisely delineated parts of the trunk, the presence and condition of each species were visually assessed on the whole trunk between heights of 0.2 and 1.8 m. Damage was ranked according to Hedenås and Ericson (2003; slightly modified) : 0, no deviation from normal colour and thus no desiccation damage; 1, few visible colour changes; 2, large patches with colour changes; 3, severe bleaching or thalli and shoots either dead or lost. Species whose average damage scores were >1 are "sensitive" for the purposes of this study; this term does not necessarily mean that they are threatened by forestry.
Nomenclature follows Ingerpuu and Vellak (1998) for bryophytes and Randlane et al. (2004) for lichens. Lichenicolous Bispora species were considered lichens, Lepraria and Ulota species were treated collectively, and one specimen of Mycomicrothelia was identified only to the genus. We distinguished key habitat indicator species (sensu Nitare 2000) and species that are rare in Estonia (sensu Ingerpuu and Vellak 1998; Randlane and Saag 1999; Jüriado et al. 2000) as species of conservation concern.
Data analyses
The cover of both bryophytes and lichens was strongly positively correlated between the northern and southern sides of the trunk as well as between the two heights (Spearman's correlation coefficients, r S = 0.41-0.73, n = 368, P < 0.001). At both heights and for both taxa, cover was greater on the northern than on the southern side (Wilcoxon's matched-pairs tests, P < 0.001). On both sides, bryophytes were more abundant at 0.2 m height than at breast height (Wilcoxon's test, P < 0.001); there was no such clear difference for lichens. Given the general aims of our study and the similar vitality of cyanolichens on the two sides of retention trees (Blomberg 2002) , we pooled these interdependent estimates from the different plots on each trunk into one average value. We admit, however, that aspect may influence the vitality of more sensitive taxa (e.g., Hazell and Gustafsson 1999) and deserves special attention after these taxa have been distinguished.
Next, we calculated the exponential rate of change in the vitality of thalli (shoots), v, within 2 years on each tree: v = ln(A 2 (1 -p d )/A 1 ), where A 1 and A 2 are the total coverage (proportion) of all species of lichens or bryophytes 1 and 2 years after harvesting, respectively, and p d is the proportion of the total cover that was damaged in the second year; v is analogous to the exponential rate of population increase that is widely used in population ecology (e.g., Caughley and Sinclair 1994). The formula takes into account our inability to measure the cover prior to logging -we related the final cover of healthy thalli and shoots (A 2 (1 -p d )) to the total cover in the first year (A 1 ) because some dead parts of thalli or shoots were likely to be broken and lost by the second year. However, we assumed that these parts were present (though desiccated) 1 year after harvesting. To see whether (and to what extent) desiccation occurred in the forest before clear-cutting, we included the adjacent forest trees in the analysis as a reference group. Note that v cannot be divided into annual amounts because we have no actual measurements of the changes during the first postlogging year.
To examine the extent of damage, we omitted trees with very few epiphytes and species with very low occurrence, to reduce noise. (i) For analyzing v with respect to tree location and tree species, we considered only the trees where the initial cover (A 1 ) of bryophytes and (or) lichens exceeded 10%. The drawback of this procedure was the large number of missing values; for example, only one Scots pine had such a high cover of bryophytes, and we had to omit all pines from bryophyte analyses. (ii) To compare the vitality of different cryptogam species, we considered the average damage scores (0-3) of each of the 24 lichen and 19 bryophyte species that occurred at least three times on both forest and retention trees. Note that we use the latter mean values only for comparing species or sites; these should not be interpreted at an absolute scale, since the intervals between the damage classes are not equal.
We used parametric statistical methods for hypothesis testing; the assumptions of normal distribution (KolmogorovSmirnov test) and the homogeneity of variances (Levene's test) were checked prior to analysis. The tests were performed with Statistica ® 6.0 software (StatSoft, 1984 (StatSoft, -2001 . All confidence intervals (CI) given are at 95% probability.
The effect of tree species on the total cover of lichens or bryophytes on forest trees (the assumed preharvest situation) was explored using one-way ANOVA. The cover values (proportions) were arcsine square root transformed, but we present descriptive statistics in their untransformed state for ease of interpretation. Two-way ANOVA was used to assess the effects of tree species and location relative to harvested area on v. Although the distributions of v deviated from normal (Kolmogorov-Smirnov test, P < 0.01) with positive kurtosis (2.6 ± 0.4 (mean ± SE) for bryophytes and 3.9 ± 0.3 for lichens), we used ANOVA for its better illustrative opportunities and the possibility of testing for interactions. The F statistic is fairly robust to assumptions of normality and positive kurtosis leads to smaller, not larger, F values (and consequently, a more conservative test; Lindman 1974) . In this case, we also analyzed the main effects with KruskalWallis ANOVAs, which gave similar results to the parametric tests. In ANOVA, post hoc comparisons were made using Tukey's honestly significant difference tests. To compare v values between lichens and bryophytes on the same trees, we used the t test for paired samples.
General linear models were used to detect the extinction of cryptogams on 31 retained aspens and 31 birches, based on pairwise comparisons with adjacent forest trees. The dependent variable was the relative species richness of bryophyte or lichen species on retention trees (the number of species on each retention tree minus the number of species on the forest tree adjacent to it); tree species and relative diameter (DBH of the retention tree minus DBH of the adjacent forest tree) were included as independent factors. We rejected the null hypothesis of no loss if, after these confounding factors were taken into account, the intercept of the model deviated significantly from zero.
Results
General decline of cryptogam vitality on retention trees
The change in vitality (v) of lichens on 325 trees depended on the location of the latter relative to the GTR cut (F [2, 313] = 7.8, P < 0.001) and on the tree species (F [3, 313] = 3.8, P = 0.010). In general, their vitality decreased along the forest -GTR cut gradient; however, the difference between the edge of the harvested area (v = -0.03 ± 0.05 (CI)) and either extreme (forest: v = 0.04 ± 0.05; centre of the GTR cut: v = -0.10 ± 0.05 (CI)) was not significant (Tukey's test, P = 0.11-0.13). The interaction between location and tree species was also clear (F [6, 313] = 2.6, P = 0.018): the change occurred only on birch and pine ( Fig. 2A) , with the greatest decline on birch and no decline on aspen (Tukey's test for these extremes in the middle of the cut, P = 0.047).
The change in vitality of bryophytes on 182 deciduous trees was highly affected by tree location (F [2, 173] = 14.7, P < 0.001): the value at the centre of the GTR cut (v = -1.24 ± 0.47; CI) did not differ from that at the edge (v = -1.12 ± 0.60; CI; Tukey's test, P = 0.44), but in both of these locations the bryophytes were far less healthy than in forest (v = -0.37 ± 0.46 (CI); P < 0.001). The interaction between location and tree species was not significant (F [4, 173] = 0.8, P = 0.53), and the main effect of tree species was only marginal (F [2, 173] = 2.8; P = 0.064) -bryophytes tended to be more suppressed on aspen than on ash (Tukey's test, P = 0.069) and birch (P = 0.088; Fig. 2B ).
On 102 retention trees, the initial cover of both bryophytes and lichens exceeded 10%. The average exponential decline in the vitality of bryophytes (v = -0.94 ± 0.21 (CI)) was dramatically greater there than the decline in the vitality of lichens (v = -0.02 ± 0.06; paired t test, t [101] = 8.2, P < 0.001). Hence, the relative decrease in healthy cover within 2 years (1 -e v ) was, on average, 2% for lichens but 60% for bryophytes -a 30-fold difference.
There was no significant reduction in the vitality of cryptogams on forest trees of any species (Fig. 2) ; lichen thalli even tended to grow on birches during the 2 years (v = 0.11 ± 0.10 (CI)). The mean cover of epiphytes on forest trees (Fig. 3) differed widely between the tree species (F [3, 238] = 18.1, P < 0.001) and between lichens and bryophytes (main effect: F [1,328] = 80.2, P < 0.001; interaction with tree species: F [3, 328] = 56.9, P < 0.001). The cover of lichens did not differ between the deciduous tree species, but lichens occupied significantly larger areas on pines than on aspens (Tukey's test, P < 0.001) and birches (P = 0.016). In contrast, pines had almost no bryophytes and birches had few, while aspens and ash were similarly well covered with bryophytes (Fig. 3) .
Species composition and species-specific vitality on aspens and birches
Altogether, 45 bryophyte and 74 lichen species or speciesgroups (including one lichenicolous fungus) were recorded on the 62 aspens and 62 birches in 31 forests and 31 GTR cuts (see the Appendix). The total species richness of cryptogams was similar on forest trees and retention trees (95 and 94 species, respectively). However, retention trees had fewer bryophyte species per trunk (3.6 ± 0.6 (CI)) than forest trees (4.7 ± 0.7 (CI)); however, no difference was found for lichens (5.7 ± 0.7 and 5.6 ± 0.7 (CI), respectively). Linear models, which took into account the tree species and differences between the DBHs of retention trees and forest trees, indicated that species loss had been highly significant for bryophytes (1.4 ± 0.7 (CI) species per trunk) but not for lichens (0.2 ± 1.1 (CI) species per trunk) on the retention trees within 2 years (Table 1) .
Aspens were clearly more species-rich (73 species in forest, 72 in GTR cuts) than birches (47 and 41 species, respectively). Altogether, 63 of 94 species occurred only on aspens, including 9 rare or indicator taxa: the bryophytes Frullania dilatata (L.) Dum., Neckera pennata Hedw., and Ulota spp., and the lichens Acrocordia cavata (Ach.) R.C. Harris, Acrocordia gemmata (Ach.) A. Massal., Leptogium saturninum (Dickson) Nyl., Leptogium teretiusculum (Wallr.) Arnold, Megalaria grossa (Pers. ex Nyl.) Hafellner, and Opegrapha rufescens Pers. Out of 56 species on birches, 25 were unique, only 2 of these with indicator value (the lichens Arthonia leucopellaea (Ach.) Almq. and Mycoblastus sanguinarius (L.) Norman).
The causes of damage appeared to differ between lichens and bryophytes, given the contrasting relationships between the average damage scores of the same species on retention trees and forest trees (Fig. 4) . For lichens, the damage in harvested stands hardly differed from that in forests (intercept of the regression line, P = 0.11); instead, 53% of the variation was explained by the general sensitivity of the same species -the damage varied proportionately in both sites (slope: 1.03 ± 0.20 (mean ± SE), P < 0.001). For bryophytes, the trend of general sensitivity of species was Note: Each observation consists of one retention tree and one tree of the same species and approximately the same size in adjacent forest. Species and differences in diameter (between retention tree and forest tree) are included as covariables; the intercept indicates the adjusted difference between retention trees and forest trees.
a Aspen (1) compared with birch (0). Table 1 . General linear models explaining the difference in epiphytic species richness per trunk between retention trees and forest trees. Linear regressions between the average damage scores of the 19 bryophyte (᭺, broken line) and 24 lichen species (᭹, solid line) that had at least three occurrences on forest and retention trees in both locations (P intercept = 0.11, P slope < 0.001, R 2 = 0.53 for lichens and P intercept < 0.001, P slope = 0.27, R 2 = 0.07 for bryophytes). Numbers beside the data points indicate the number of species with similar values. nonsignificant and nonproportional (slope: 0.47 ± 0.41(mean ± SE), P = 0.27), and the damage was significantly greater in GTR cuts than in forests, particularly for the species that were relatively healthy in forests (intercept: 1.17 ± 0.21(mean ± SE), P < 0.001; Fig. 4 ).
Crustose lichens (e.g., Buellia griseovirens (Turner & Borrer ex Sm.) Almb., Loxospora elatina (Ach.) A. Massal., Megalaria grossa, and Ropalospora viridis (Tønsberg) Tønsberg), and some macrolichens with small foliose (Vulpicida pinastri (Scop.) J.-E. Mattsson & M.J. Lai) or podethial thalli (Cladonia coniocraea (Flörke) Spreng.), were healthy everywhere. On the other hand, the mean damage score for 13 species was >1.0 in both the forest and the GTR cuts ( Fig. 4 ; for the species list see the Appendix). The 10 sensitive bryophyte species were mainly mosses and hepatics that form distinct mats and wefts (e.g., Homalia trichomanoides (Hedw.) Schimp. in B.S.G., N. pennata, Pylaisia polyantha (Hedw.) Grout, and Radula complanata (L.) Dumort.). The three sensitive lichen species (Lecanora allophana Nyl., Parmelia sulcata Taylor, and Peltigera praetextata (Flörke ex Sommerf.) Zopf) were unhealthy in both the forest and the GTR cuts, probably because of factors other than logging.
Discussion
Although species richness on GTR cuts did not differ from that in forests at the landscape scale, we found that some cryptogams suffered mortality on retention trees, with local extinctions within 2 years of harvest. In the absence of preharvest data for comparison, and given no evidence of a net decline in vitality in adjacent forest trees over 2 years, total epiphyte cover in the forest 1 year after logging was deemed to be an acceptable reference value. We are therefore confident that the average changes in epiphyte vitality that we report can be attributed to logging.
We documented wide variation in responses to GTR cutting between and among lichen and bryophyte species at the centre and edge of the cuts and on different tree species. The negative impacts were severe and almost independent of tree species for bryophytes throughout the GTR cuts, but were weaker for lichens, particularly at the edges of the cuts and on aspen and ash. Such interactions may partly explain the controversial views about logging impacts on cryptogams. For example, several studies have reported decreased abundance, cover, growth, vitality, or biomass of epiphytic cryptogams, even after partial cutting (e.g., Thomas et al. 2001; Coxson et al. 2003; Hedenås and Ericson 2003) or near clearcuts (Hilmo and Holien 2002; Rheault et al. 2003 ). Yet some transplantation experiments have demonstrated their high survival rates on retention trees in GTR cuts or in young forests (Hazell and Gustafsson 1999; Hilmo 2002) .
The negative effects of clear-cutting on epiphytic lichens have been documented in several studies (Esseen et al. 1997; Berglund and Jonsson 2005) , but our data showed that the decrease of their total cover on retention trees is relatively small. The lower confidence limits of v indicated 8% maximum loss for lichens compared with 68% for bryophytes. The resistance of lichens to desiccation could be explained by their ability (i) to attain positive net photosynthesis using only air humidity, while bryophytes need liquid water (Green and Lange 1995) , and (ii) to recover from and adjust to bright light by increasing thallus thickness and (or) the concentration of pigments, which act as a sunscreen for photobiont cells against excessive UV radiation (Rikkinen 1995; Hilmo 2002) . Hence, many forest lichens obviously can survive on GTR cuts if suitable substrata are available; the crucial question is, which species can and which cannot? The resistant species are likely to include cyanolichens, whose biomass is higher in regenerated stands with retained trees than in those without (Peck and McCune 1997) , the light-tolerant Parmeliaceae, and canopydwelling alectorioid species; and possibly also usneioid species that experience a moderate level of photoinhibition with high light intensity (Gauslaa and Solhaug 1996) . Green-algal lichens are probably much more stressed in open environments, though they can probably survive under some conditions (e.g., Sphaerophorus globosus (Hudson) Vainio is most abundant near old remnant trees in forests; Sillett and Goslin 1999) . In our analysis, the few sensitive lichen species did not belong to distinct morphological or habitat types. Moreover, these species tended to be equally damaged both in the forest and on retention trees, i.e., they were affected mostly by processes other than logging. For example, apothecia of Lecanora allophana were frequently bleached or broken, apparently eaten by snails (personal observation; cf. Baur et al. 1994) .
In contrast to lichens, epiphytic bryophytes were very sensitive to sudden changes in humidity and light conditions on retention trees. A similar rapid loss of ground mosses in clearcuts has been previously reported (Jalonen and VanhaMajamaa 2001) . Generally, bryophytes' requirements for light and water are closely determined by their life-form (Mägdefrau 1982) : cushions predominate in open sites (such as on free-standing trees), whereas mats, wefts, and fans are shade-lovers (e.g., on tree bases). Indeed, the mat-and weftforming mosses and hepatics (e.g., Brachythecium velutinum (Hedw.) Schimp. in B.S.G., Homalia trichomanoides, Radula complanata) were the most sensitive in our studythey were healthy in forests and heavily damaged on retention trees. Also Hazell and co-authors (1998) have pointed out the low tolerance of the weft-forming Pylaisia polyantha and Radula complanata to low humidity compared with the cushion-forming Orthotrichum speciosum Nees in Sturm and Nyholmiella obtusifolia Brid.
Although the structure of epiphyte communities is strongly influenced by the texture, chemistry, and moisture content of the bark of host tree species (e.g., Barkman 1958) , the condition of epiphytes on retention trees of different species has not been compared before. We found generally healthier lichens on retained aspens and ash than on birch and pine. Probably the relatively coarse bark of aspens and ash provides better shade, but aspens also have a distinct epiphyte species composition (e.g., Kuusinen 1996) . For bryophytes, unsuitable moisture conditions at a larger (stand) scale could prevail over the microclimatic or bark characteristics of a particular host species (e.g., Potzger 1939; Frisvoll and Presto 1997; Thomas et al. 2001) . For example, the relative abundance of bryophytes on conifers has been found to be limited more by moisture content at the stand scale than by bark pH (Hong and Glime 1997).
Practical implications and conclusions
No study has covered the mortality of epiphytes on retained trees within the 10-20 years following GTR cutting until the new stand starts providing shade. Hence, there is no conclusive answer to whether lichens really survive and whether bryophytes can adapt to postharvest conditions and ultimately recover. The current success stories concern the examination of cryptogam transplants on retention trees only 1-2 years postharvest, which may be too short a time to detect their slow death via sustained photoinhibition or acclimation and recovery (see Hazell and Gustafsson 1999; . However, drastic short-term differences in condition among different taxa, such as those documented by us, are likely to provide them with rather different prospects for the future. Hence, our results strongly suggest that GTR can be a successful conservation tool for lichens, particularly many microlichens on aspens and ash. Although Tønsberg (1992) considered the taxa with sorediate or granulous thalli to be prone to desiccation, this may perhaps pose a problem only for the inhabitants of humid tree bases, such as Mycobilimbia (Hedenås and Ericson 2003) . The sorediate species growing higher on the trunk (e.g., Biatora efflorescens (Hedl.) Räsänen, Loxospora elatina, Ropalospora viridis) were robust in our study, as were several microlichens of conservation concern (Acrocordia cavata, Acrocordia gemmata, Megalaria grossa, Mycoblastus sanguinarius).
In principle, the omission of trees with less than 10% lichen cover from samples may have led to overly optimistic results, though the issue is controversial. Gauslaa and Solhaug (1998) showed that larger thalli of the folious cyanobacterial lichen Degelia plumbea (Lightf.) P. M. Jørg. & P. James had higher water-holding capacity than smaller thalli. In contrast, young thalli of Lobaria pulmonaria were larger on clearcuts (4 years after logging) than in young or old-growth stands (Sillett et al. 2000) . Hence, foliose lichens may have survived less well on the sparsely inhabited trees (which we did not sample); however, we did not observe this at the species level (species with small foliose or podethial thalli, such as Vulpicida pinastri and Cladonia coniocraea, were healthy on retained trees). Thus, it could be important to retain, in particular, those trees that already have a welldeveloped cover of lichens. This often coincides with the retention of old trees, which can also host desiccation-prone and threatened epiphytes (e.g., Leptogium teretiusculum and Ulota spp.; see also McGee and Kimmerer 2002) , and may intercept spores or other propagules more effectively (Hazell et al. 1998) .
Tree species and their epiphyte communities vary geographically and exact recommendations for GTR should be assessed at a regional scale. Among the retained species studied by us in Estonia, aspens and ash produced the best results: they had a relatively high cover of cryptogams, and lichens certainly survived best on these tree species. We recorded several unique and rare species on aspen, supporting reports of diverse and unique communities on this species in boreal forests (e.g., Kuusinen 1996; Hedenås 2002; Jüriado et al. 2003) . On the other hand, since ash survives better than aspen on the GTR cuts (Rosenvald and Lõhmus 2005) and its lichen flora resembles that of aspen (Lõhmus 2003) , ash may provide a more reliable "lifeboat" in the long term.
It will be important to study what proportion of threatened forest lichens could be protected using these two tree species.
Retention of single trees does not appear to provide sufficient protection for bryophytes, at least in the short term; notably, weft-, fan-, and mat-forming species have a high risk of dessication. Retaining trees near edges (this study) or in groups (Hazell and Gustafsson 1999) or using shelterwood cutting (Hannerz and Hånell 1997) may increase the value of retained trees in conservation of epiphytes, but further research is needed. Retention of groups of trees also has operational advantages over single-tree retention (Hazell and Gustafsson 1999) , so the principal question concerns the size of group required to moderate microhabitat (Fenton and Frego 2004) , resist windfall (Esseen 1994) , and meet the requirements of other taxa (Beese and Bryant 1999) . In Estonia, for example, the current GTR cuts are too small (2.3 ha, on average, in our study districts) for large patches to be retained within them. Research is required to determine whether such a fine-grained landscape mosaic may eventually lead to the extinction of forest-interior species, including bryophytes. Table A1 . Numbers of occurrences of bryophyte and lichen species (healthy (V) or at least partly damaged (D)) on aspens and birches in forest and green-tree-retention (GTR) cuts, and percentages of records with signs of damage (ΣD/Σ(D + V)).
Forest GTR cut
Aspen (n = 31) Birch (n = 31) Aspen (n = 31) Birch (n = 31) Note: The 43 species that occurred on at least three forest and three retention trees are classified as either sensitive (*; average damage score >1 in either forest or GTR cut) or tolerant ( † ; other species; see Fig. 4 ). 
